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a b s t r a c t
To cover agricultural structures for protecting plants from high solar radiation in hot and sunny regions
different types of shading nets are used. In summer, the amount of photosynthetically active radiation
(PAR) transmitted through these nets usually fulﬁls plant growth requirements. However, their applica-
bility in winter is still unknown. So far, the choice of nets has mostly been empirical, because technical
data such as the radiometric properties that are used to characterize the different types of nets are not
available. This paper presents a simplemethod formeasuring the radiometric properties related to global
and diffuse PAR of seven types of shading nets including netswith colours and shading rates that are com-
monly used in hot regions. A shading system was developed to simulate the diffuse PAR under cloudy
conditions. The results show that under clear sunny and cloudy conditions the radiometric properties
depended on both net porosity and colour. Net reﬂectance strongly depended on net colour. Net trans-
mittance and absorptance depended primarily on colour and secondarily on porosity. The radiometric
properties of nets under global and diffuse PAR conditions tended to be similar to those of translucent
materials so that a plastic net canbe considered as translucentmaterialwhen investigating the equivalent
optical parameters (refractive index and absorption coefﬁcient). This can help to predict the radiometric
properties of the net without the need of measurements. Under the sunny conditions of winter seasons,
the structures covered with the tested nets are suitable for growing crops that can grow at PAR less than
150Wm−2. However, under cloudy conditions very few plants will grow that can grow at PAR less than
 Socie30Wm−2.
© 2010 Royal Netherlands
. Introduction
Plastic nets in the form of coveringmaterials arewidely used for
ifferent purposes in the agricultural sector. For example, they are
sed to protect crops from hail, strong wind, snow, heavy rainfall,
nsects, animals and birds [1]. Recently, structures covered with
lastic nets have become more popular in hot and sunny regions
ike Saudi Arabia to protect crops from high solar radiation levels
n summer. Such structures derive their popularity mainly from
onsumer demand for growing crops at signiﬁcantly lower costs
omparedwith growing crops in a conventional greenhouse. Plastic
et coverings offer many advantages and environmental beneﬁts
1–4]. In particular, net covering can enhance productivity, quality
nd homogeneity of plants and fruits throughout the year in hot
nd sunny regions.
In spite of their popularity, thedifferent coloured types of plastic
ets available in the market present horticulturists and engineers
∗ Corresponding author. Tel.: +966 01 4678352; fax: +966 01 4678352.
E-mail addresses: aghany@ksu.edu.sa, amghany@yahoo.com
A.M. Abdel-Ghany).
573-5214/$ – see front matter © 2010 Royal Netherlands Society for Agricultural Scienc
oi:10.1016/j.njas.2010.02.002ty for Agricultural Sciences. Published by Elsevier B.V. All rights reserved.
with several design problems. In addition, neither consumers nor
producers have a clear idea about how to select a plastic net type for
a speciﬁc application. This is largely because technical information
to describe the plastic nets such as the radiometric properties is
still limited in the literature. On the other hand, several studies are
available on the radiometric properties of metallic thermal screens
and insect screens [5–9].
In summer seasons, the photosynthetically active radiation
(PAR; 400–700nm) that is transmitted through net-covered struc-
tures (e.g., shade-houses) usually fulﬁls crop growth requirements
because outside incident PAR is high. However, utilization of
shade-houses for growing crops in winter is limited because the
suitability of these nets for winter season applications is still
unclear.
Obviously, the amount of PAR inside the shade-house is one of
the most important parameters related to protected cultivations
at any time of the year. Thus, knowledge and exploitation of the
plastic net performances related to the incident PAR should be
of great interest to growers, horticulturists, and agricultural engi-
neers.However, very fewstudieswere foundrelated toPAR transfer
through plastic nets or net-covered structures. The results of these
studies can be summarized as follows.
es. Published by Elsevier B.V. All rights reserved.
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2.2. Measuring radiometric propertiesFig. 1. Scanner images of the differen
.1. Studies that measured radiometric properties in the
aboratory
Castellano et al. [10] measured spectral transmittances of 12
ifferent plastic shading nets under artiﬁcial direct and diffuse
AR. They used a large integrated sphere (1m in diameter) and
alogen lamps to simulate the normally incident direct PAR and
uorescent lamps to simulate the diffuse PAR. Also Kittas et al. [11]
sed the integrating sphere-halogen-lamp technique to measure
he spectral transmittance of four different plastic shading nets.
lthough the transmittance is strongly related to the incidence
ngle of the radiation, transmittances are often measured in lab-
ratories at normal incident light. Sica and Picuno [12] measured
pectral transmittance and reﬂectance of samples (2 cm×2 cm) of
ix different plastic nets in a short and a long-wave spectrum using
wo spectrophotometers. However, nets are non-homogeneous
aterials and it is often difﬁcult to measure a small net sample
y using a spectrophotometer. This is because the light source in
he spectrophotometer is a concentrated ray with cross sectional
imensions comparable to the mesh size of the net. Castellano et
l. [13] measured the shading factor for 12 plastic shading nets by
sing the Italian UNI10335 National Standard, which is the only
ational standard in Europe providing a methodology to evaluate
he shading factors of plastic nets. Revision of different types and
pplications of agriculture plastic nets [2] emphasized the need
or methods tomeasure and evaluate the radiometric properties of
lastic nets.
.2. Studies that measured radiometric properties in the ﬁeld
Spectral transmittances have been measured of different kinds
f structures covered with plastic shading net [3,10,14]. The struc-
ures included a model of 1.2m×1.2m×0.5m and a full-scale
et-house (9.6m×4.4m×30m). However, measuring the trans-
ittance of a net-covered structure does not reﬂect the actual
ransmittance of the net itself, but the transmittance of the whole
tructure. The studies discussed above used nets that were pro-
uced and commercially available in European countries; technical
nformation about nets produced elsewhere (e.g., in the Middle
ast) are not available. In addition, the radiometric performance of
ocally produced plastic nets related to PAR has never been tested
nder natural conditions.
Because of the importance of PAR for plant growth, the objec-
ives of this studywere to: (1) develop a simplemethod tomeasure
he radiometric properties, i.e., those related to the PAR, for differ-tic shading nets tested in this study.
ent plastic shading nets under clear sunny and cloudy conditions,
(2) examine the applicability of these nets to cover structures used
for growing plants in winter seasons, and (3) provide the total
radiometric properties of the nets to be used as a design tool to
help agricultural engineers and growers to choose the net that is
best suited for plant requirements. Evaluating spectral radiometric
properties of the nets is beyond the scope of the present study.
2. Materials and methods1
2.1. Shading nets
Seven different plastic net types that growers commonly use
for shading agricultural structures in hot and long summer seasons
were selected for testing. Thesenetswere locallyproducedbySaudi
Yarn andKnitted Technology Factory (SYNTECH-ISO9001). Accord-
ing to producer speciﬁcations the nets were grouped into nets-80
and nets-50, indicating nominal shading rates of 80% and 50%,
respectively. The net material (coloured HDPE) used was opaque
to transmit radiation. Net textures either consisted of interlaced
threads or interlaced strips. The threads were made of plastic yarn,
and had been knitted together to form robe or wire-like textures.
The threads or ﬂat plastic strips were arranged in parallel and
held together by interlaced strips or wires to form the texture. The
net texture consisted ofmultidirectional surfaces andmultidimen-
sional spaces. The nets in each group had different colours: white,
green and black for nets-50; blue, beige, orange and dark-green
for nets-80. Net porosity () is the complementary value of net
solidity (i.e., the surface area covered by the plastic threads divided
by the total surface area of the net). Values of  were determined
by means of image processing. Net samples (5 cm×5 cm, Fig. 1)
were scanned at a high resolution of 4800dpi with a ﬂatbed scan-
ner (HP-5590). Photos of the scanned nets were magniﬁed 4 times
and converted intohigh-contrast black (threadprojection area) and
white (empty area) colours using Adobe Photoshop software [15].
For porosity, geometrical descriptions and dimensions of the nets
tested see Table 1.Properties related to global and diffuse PAR are the most com-
monwhen treatingPAR transfer. The radiometric properties of each
1 See Appendix A for the variables and their descriptions used in this paper.
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Table 1
Geometrical description of the nets tested.
Net type Texture description Dimensions (mm) a
Orange-80 Parallel strips held by interlaced strips, regular mesh Strip thickness =1.2; strip width=2; opening size =1×3 0.23
Dark green-80 Knitted threads, irregular mesh Thread diameter =1.5 0.20
Blue-80 Parallel strips held by interlaced strips, regular mesh Strip thickness =1.4; strip width=1.5; opening size =1.1×2.5 0.21
Beige-80 Parallel strips held by interlaced strips, regular mesh Strip thickness =1.0; opening size =2.2×3.2 0.12
Green-50 Parallel interlaced threads held by wires, regular mesh Thread diameter =1.7, opening width=2.5; wire diameter =1 0.51
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tWhite-50 Parallel interlaced threads held by wires, irregular mesh
Black-50 Knitted wires, irregular mesh
a , Net porosity.
et sample were measured under natural conditions of global and
iffuse PAR. The net properties related to global PAR were mea-
ured on clear sunny winter days. Under the arid climate in the
iyadh area, occurrence of a complete cloudy day is rare; so it was
ifﬁcult to conduct experiments under truly overcast sky condi-
ions. For measuring the net properties related to uniform diffuse
AR, the cloudy conditions were simulated using a shading sys-
em (Fig. 3). The experiments were conducted on the ﬂat roof of
he building of the Agricultural Research and Experiment Station,
gricultureEngineeringDepartment, KingSaudUniversity (Riyadh,
audi Arabia, 46◦47′ E, longitude and 24◦39′ N, latitude). Details of
he experimental procedures and set-up under each PAR condition
re described below.
.2.1. Clear sunny conditions
The measurements on clear sunny days were carried out on 29
nd 31 December 2008; 4 January and 1, 2, 5 and 9 February 2009,
.e., one day for testing each sample. Three components of global
AR (Gp) were measured in molm−2 s−1: incident (GP,i), trans-
itted (GP,t) and reﬂected (GP,r). A black-painted wooden frame of
.25m×2.25m×0.25m was constructed (Fig. 2). The frame was
riented longitudinally in E-W direction and mounted horizon-
ally 1m above the roof of the building. Unstretched net samples
ere placed onto the frame, draped and ﬁxed to the frame sides.
n area of 3m×3m under the frame was covered with black
ig. 2. Schematic diagram of the experimental set-up and positions of the quantum se
ransmitted (GP,t) and reﬂected (GP,r). Dimensions (m) not to scale.Thread diameter =2, opening size =1×1.5, wire diameter =1 0.28
Wire diameter =1 0.50
plastic foil to eliminate upward reﬂection. A horizontal bar was
mounted 0.2m above the centre of the frame (Fig. 2) to support the
inverted quantum sensor that was used for measuring the global
PAR reﬂected upwards from the net surface. Another quantum sen-
sor was mounted 0.15m below the net surface for measuring the
global PAR transmitted downwards from the net. The positions of
0.15mbelowand0.2mabove thenet surfacewereoptimizedbased
on several pre-trials thatwere carried out before starting the actual
measurements. The building (12m height) was higher than nearby
buildings and trees. Layout dimensions and positions of the quan-
tumsensors are illustrated (not to scale) in Fig. 2. This design allows
the specular component of the reﬂected PAR from the net surface
to reach the inverted sensor at a range of incidence angles () from
0◦ up to 80◦. At times when  was higher than 80◦, the incident
and reﬂected PAR were usually diffuse and the portion reﬂected
into the hemisphere could be detected by the inverted sensor. To
measure the downward global PAR above a horizontal surface, a
quantum sensor was positioned a fewmetres away from the frame
at the same level as the net surface.2.2.2. Cloudy conditions
The measurements under simulated diffuse PAR conditions
were conducted on 21, 22, 25, 26, 27, 28 and 29 January 2009,
i.e., one day for each sample. For the set-up (not to scale) see
Fig. 3. In this case the dimensions of the wooden frame were
nsors used for measuring the different components of global PAR: incident (GP,i),
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lig. 3. Schematic diagram of the experimental set-up, shading system and positio
ncident (DP,i), transmitted (DP,t) and reﬂected (DP,r). Dimensions (m) not to scale.
.7m×0.7m×0.2m. To measure the diffuse PAR transmitted and
eﬂected from the net sample, quantum sensors were mounted
.1m below and 0.1m above the surface of the net sample, at the
entre of the frame. Because the diffuse radiation transmits and
eﬂects diffusively, the positions of the quantum sensors (Fig. 3)
id not jeopardize the accuracy of themeasurements. The arrange-
ent in Fig. 3was continuously shadedbymovinga shading system
ositioned a few metres away from the frame to allow the net
o receive diffuse PAR from all directions of the hemisphere. The
hading system consisted of a 1.5m×1.5m black-painted wooden
late, which was mounted on a structure made of black-painted
teel tubes (0.0127m in diameter). The junctions of the structure
re rollers that made it possible to tilt the plate around its hori-
ontal axis to generate enough shade to cover the frame and the
ensors all day (Fig. 3). The following parameters were measured:
he incident diffuse PAR (DP,i), transmitted through the net (DP,t),
nd reﬂected from the net surface (DP,r), all in molm−2 s−1.
The quantum sensors used in the two experiments were
I-190SA (LI-COR Inc.), having a time response of 10swith amax-
mum error of ±1%, a sensitivity of 5A per 1000molm−2 s−1, a
orking temperature range of −40 to +65 ◦C, and a wavelength
ange of 400–700nm. The sensors had been calibrated before use
y the supplier. The measured parameters were recorded every
inute, averaged over 5-min intervals, and saved in a data logger
LI-1400, 9 channels, LI-COR, Inc.).
.3. Estimating the radiometric properties
To eliminate possible sources of error, before starting the actual
easurements one-day trial runs were conducted under each
eather condition, in the absence of net samples. During these
ests, the PAR that reﬂected upwards from the ﬂoor and from the
nner surfaces of the frames (offset reﬂection) was measured. The
ffset reﬂectance under incident global and diffuse PAR was esti-
ated, respectively as:( ) ( )off,g =
GP,r
GP,i withoutnet
andoff,d =
DP,r
DP,i withoutnet
(1)
Daily averages of the measured values of off,g and off,d were
ess than 0.1. So for simplicity reasons and considering that thehe quantum sensors used for measuring the different components of diffuse PAR:
ﬁrst reﬂection on the panel surface instead of multiple reﬂections
is sufﬁcient to obtain high accuracy of solution, the former was
used. Equivalent radiometric properties of the nets were estimated
at 5-min intervals assuming the net as a homogeneous layer. Prop-
erties related to global PAR (i.e., global PAR transmittance (P,g),
reﬂectance (P,g) and absorptance (˛P,g)) were estimated from the
measured components as:
P,g = GP,t
(1 − off,gp,g)
GP,i
, (2)
P,g =
(
GP,r
GP,i
)
− off,g2P,g, (3)
˛P,g = 1 − P,g − P,g (4)
Radiometric properties related to diffuse PAR (i.e., diffuse PAR
transmittance (P,d), reﬂectance (P,d), andabsorptance (˛P,d))were
estimated from the measured components as:
P,d = DP,t
(1 − off,dp,d)
DP,i
, (5)
P,d =
(
DP,r
DP,i
)
− off,d2P,d, (6)
˛P,d = 1 − P,d − P,d (7)
By solving each couple of equations [Eqs. (2), (3) and (5), (6)]
simultaneously using Fortran connected with IMSL mathematical
library, the values of p,g, p,g, p,d and p,d were obtained. The total
(daily integral) radiometric properties that related to global PAR
(i.e., total global transmittance (TP,g), reﬂectance (RP,g) and absorp-
tance (AP,g)) were estimated for clear sunny days as:
TP,g =
∫ t2
t1
p,gGP,idt
∫ t2
GP,idt
, RP,g =
∫ t2
t1
p,gGP,idt
∫ t2
GP,idt
,
⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪
(8)t1 t1
AP,g = 1 − TP,g − RP,g
⎭
where t1 and t2 are the times of sunrise and sunset, respectively.
The total radiometric properties that related to diffuse PAR (i.e.,
total diffuse transmittance (TP,d), reﬂectance (RP,d) and absorptance
eninge
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AP,d)) can be estimated in a similar way using Eq. (8) by replacing
he symbols G and g with D and d.
. Results and discussion
.1. Clear sunny conditions
The time courses of the equivalent radiometric properties for
he seven tested nets related to the global PAR (i.e., global trans-
ittance (P,g), reﬂectance (P,g) and absorptance (˛P,g)) were
stimated using Eqs. (2)–(4) at 5-min intervals and illustrated in
igs. 4–6, respectively. PAR measured underneath the net comes
rom the PAR that passes directly through the net pores plus PAR
hat is scattered downwards from the net threads. The ﬁrst is
irectlyproportional to thenetporosity () and the seconddepends
n net colour. Given the same porosity, increasing the brightness
f the net, for example from dark green to green, increases the PAR
ransmission due to scattering. Fig. 4 illustrates the time course of
P,g for the tested nets. A net with bright colour and low value of 
e.g., white-50,  =0.28) showed the highest values of P,g (Fig. 4).
o due to scattering, net colour has a stronger effect on net trans-
ittance than net porosity. Given the same colour, nets with high
orosities are expected to have higher transmittances than nets
ith low porosities. Given nearly the same porosity, a net with
nterlacedﬂat strip texture (blue-80net) showedahigher transmit-
ance than a net with knitted thread texture (dark green-80 net).
he changes in P,g valuewith the time of the day (Fig. 4) were sim-
ig. 4. Time courses of the global PAR transmittances (P,g) of the plastic shading
ets tested in this study.
ig. 5. Time courses of the global PAR reﬂectances (P,g) of the plastic shading nets
ested in this study.n Journal of Life Sciences 57 (2010) 125–132 129
ilar to those of different translucent materials (e.g., plastic ﬁlms,
glass and rigid plastic sheets such as polycarbonate and acrylic)
that were measured under natural conditions of PAR [16,17]. The
inﬂection of P,g values around the times of sunrise and sunsetwere
mainly due to the predominance of diffuse PAR at that time, which
is ascribed to a relatively high net transmittance of diffuse PAR (see
Fig. 10(a)). According to the trends of P,g in Fig. 4, it appears possi-
ble to treat the PAR transfer through a plastic net in a similar way
as the transfer through homogeneous translucent material, even
though the structure of the plastic net is not homogeneous.
The time courses of the global PAR reﬂectance (P,g) are illus-
trated in Fig. 5 for the tested nets. Net colour had a signiﬁcant effect
on PAR reﬂectance (P,g) much more than net porosity. Nets hav-
ing bright colours (e.g., beige-80,  =0.12 and white-50,  =0.28)
showed higher levels of reﬂectance than the other nets that had
dark colours and different  values. This is because a net with a
bright colour reﬂects almost all the incident PAR (visible light) over
thewhole spectrumbandof the PAR.On theother hand, a netwith a
dark colour reﬂects the incident PAR over the spectrum band of the
net colour only (i.e., narrow band) and absorbs the incident PAR
over the remaining spectrum of the complementary colours. It is
well known that net reﬂectance is strictly involved in the aesthetic
assessment of the agricultural structures covered with nets in the
rural landscape, especially in the desert of the Arabian Peninsula
region, with its high albedo. In such cases, nets with dark colours
and lowvalues ofP,g should be chosen in order to reduce the visual
impacts of the structures.
The proportion of PAR that was absorbed by the net textures is
an essential parameter needed for any analysis of the PAR transfer
through a net-covered structure. Therefore, the net absorptance,
which is related to incident global PAR (˛P,g) is an important prop-
erty and should be determined for the net. Fig. 6 shows the time
course of ˛P,g for the nets tested. Increasing the darkness of the net
together with decreasing the net porosity signiﬁcantly increased
the ability of the net to absorb PAR. Thus, the dark green net had the
highest ˛P,g, whereas the white net had the lowest ˛P,g. Fig. 6 also
shows that thenet colourhada signiﬁcant effect on thevalueof˛P,g,
much more than the effect of porosity. Therefore, the bright colour
of the beige net ( =0.12) signiﬁcantly reduced the values of ˛P,g
compared with the dark colours blue ( =0.21), orange ( =0.23)
and dark green ( =0.20).
The effects of incidence angle () on net transmittance ( ) andP,g
reﬂectance (P,g) during the period 7:00–12:00 a.m. are illustrated
in Figs. 7 and 8. Because of latitude and time of the year atwhich the
measurements were carried out, the lowest values of  were in the
range from 39◦ to 47◦ at solar noon on the days of measurements.
Fig. 6. Time courses of the global PAR absorptances (˛P,g) of the plastic shading nets
tested in this study.
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ngle ().
herefore, the values of P,g and P,g at low values of  could not be
epresented. In Figs. 7 and 8, where  is near 90◦, most of the inci-
ent PAR on the thread surfaces was reﬂected downwards. This, in
ddition to the increases in the percentage diffuse PAR at that time,
lightly increased P,g and reduced P,g. The trends of P,g and P,g
ith the variation in  are similar to those reported for translucent
aterials [16,17], especially for nets having bright colours.
Evaluating the tested nets for transmitted PAR in a winter sea-
on was one of the main objectives of the present study. The PAR
ransmitted through the tested nets on clear sunny winter days is
resented in Fig. 9. OptimumPAR values (PARopt) for best growth of
rops that are commonly grown in net-houses in thewinter season
f the Kingdom of Saudi Arabia were collected from different ref-
rences [18–23] and transformed into Wm−2. On the basis of the
ata in Fig. 9, the tested nets can be classiﬁed into 3 categories: (1)
lue-80, dark green-80 and orange-80, (2) green-50 and beige-80,
nd (3) black-50 and white-50. Table 2 lists the crops and plants
hat can be grown in shade houses covered with these types of
ets.
.2. Diffuse PAR simulating cloudy conditionsRadiometric properties of the tested nets that are related to dif-
use PAR (i.e., diffuse PAR transmittance (P,d) reﬂectance (P,d) and
bsorptanc (˛P,d) are illustrated in Fig. 10(a)–(c), respectively. In
ig. 8. Global PAR reﬂectances (P,g) of the tested nets as affected by the incidence
ngle ().Fig. 9. Time courses of global PAR energy transmitted (GP,t) through the tested nets.
Fig. 10(a), net porosity () and brightness showed positive effects
on the values of P,d. At any time of the day, nets with a high poros-
ity showedhigher values for P,d than netswith a lowporosity. Nets
with bright colours (i.e., white in the nets-50; orange and beige in
the nets-80) showed higher transmittances than those with dark
colours (i.e., black and green in the nets-50; blue and dark-green
in the nets-80). Accordingly, a net with a high porosity and bright
colour is recommended to be used for covering agricultural struc-
tures under diffuse radiation of cloudy or overcast sky conditions.
Fig. 10(b) shows that nets having bright colours (white-50 and
beige-80) exhibited higher reﬂectance (P,d) than nets having dark
colours. A lowernet porosity slightly increasesnet reﬂectance (P,d)
The resulting value of P,d depends on the combined effects of net
colour and porosity. In Fig. 10(c), net absorptance (˛P,d) increased
with decreasing net porosity and increasing darkness (Fig. 10(c)).
Thus, the dark green-80 net (dark colour,  =0.2) showed the
highest values of ˛P,d, whereas the white-50 net (bright colour,
 =0.28) showed the lowest. Fig. 11 showsPAR transmitted through
the tested nets that were mounted horizontally under simulated
incident diffuse PAR on typical winter days. Under such condi-
tions, growing crops under a structure covered with theses nets
is impossible and supplementary artiﬁcial light is needed. Only
vegetables such as lettuce, spinach, and indoor ornamental plants
(PARopt <30Wm−2) can be grownwithout the need of supplemen-
tary light. The values presented in Fig. 11 may differ from the true
values under overcast sky conditions. However, such differences
are expected to be minor under the arid climatic conditions of the
Arabian Peninsula region.
Table 2
Crops and plants that can be grown in shade houses covered with the three cate-
gories of nets in relation to the PAR values required for optimum growth.
PARopt (Wm−2) Crops and plants
Dark green-80, Blue-80 and Orange-80
<30 Indoor and ornamental plants
15–36 Lettuce, spinach
36–60 Cucumber
50–75 Different types of transplants
Green-50 and Beige-80
30–60 Sweet pepper
76 Strawberry
60–90 Tomato
≥60 Carnation
Black-50 and White-50
100–135 Rice, wheat
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.3. Total radiometric properties
The total radiometric properties (i.e., Tp,g, Tp,d, Rp,g, Rp,d, Ap,g
nd Ap,d) of plastic nets are often needed for any thermal analy-
is that includes PAR transfer through net-covered structures. The
otal properties are also needed to evaluate and compare differ-
nt types of nets. However, data published on total radiometric
roperties of plastic nets often are measured in laboratories using
ormal incident or artiﬁcial light, and cannot therefore be consid-
redas total propertiesundernatural solar radiation conditions. For
hat reason, the total radiometric properties related to global PAR
transmittance (TP,g) reﬂectance (RP,g) and absorptance (AP,g) and
hose related to the diffuse PAR (TP,d, RP,d and AP,d) were estimated
rom Eq. (8) using a numerical integration method [24]. Values of
hese properties for the tested nets are illustrated in Table 3. Using
able 3
he total radiometric properties of the nets tested.
Net type PAR transmittance PAR reﬂecta
Incident global Incident diffuse Incident glo
Blue-80 0.29 0.19 0.10
Beige-80 0.43 0.29 0.37
Orange-80 0.29 0.30 0.11
Dark green-80 0.19 0.16 0.06
White-50 0.59 0.50 0.37
Green-50 0.43 0.35 0.11
Black-50 0.47 0.36 0.08Fig. 11. Time courses of diffuse PAR energy transmitted (DP,t) through the tested
nets.
this table, one can easily select the net properties that are required
for a speciﬁc purpose.
4. Conclusions and recommendations
In this study, a simple method was presented and used to
measure the radiometric properties of plastic shading nets under
natural conditions of global and simulated diffuse PAR. These
properties are characterizing the whole net as a semi-transparent
material and are not used for the net textures or threads (i.e.,
equivalent properties). In general, under global or incident dif-
fuse PAR, the net transmittance and absorptance were affected
by net colour and net porosity. Net colour had a predominant
effect on the transmittance and absorptance values. Net reﬂectance
was affected mainly by net colour. Major part of the transmitted
and reﬂected PAR originated from the scattering on the net tex-
ture. Even though plastic nets are not homogeneous layers, the
trends of the net radiometric properties with time were similar
to those of homogeneous translucent materials (such as plastic
ﬁlms, rigid plastic sheets, and glass). Accordingly, it is possible
to treat a plastic net as a translucent material with equivalent
optical parameters (refractive index and absorption coefﬁcient).
This can help to predict the radiometric properties of a plastic
net without the need for measuring. Further research is needed
to develop a physical model that describes solar radiation transfer
through a plastic net in order to evaluate the scattered radiation
on the net threads and to provide better understanding of this
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ppendix A. Variables, their description and units as used
n this paper
VariableDescription Unit
AP,d Total absorptance of incident diffuse PAR by the net –
AP,g Total absorptance of incident global PAR by the net –
DP,i Incident diffuse PAR on a horizontal surface Wm−2
DP,r Diffuse PAR reﬂected from the net surface Wm−2
DP,t Diffuse PAR transmitted through the net Wm−2
PARopt Optimum PAR required for plant growth Wm−2
GP,i Incident global PAR on a horizontal surface Wm−2
GP,r Global PAR reﬂected from the net surface Wm−2
GP,t Global PAR transmitted through the net Wm−2
PAR Photosynthetically active radiation 400–700nm
RP,d Total reﬂectance of incident diffuse PAR by the net –
RP,g Total reﬂectance of incident global PAR by the net –
TP,d Total transmittance of incident diffuse PAR through the net–
TP,g Total transmittance of incident global PAR through the net–
˛P,d Absorptance of diffuse PAR by the net –
˛P,g Absorptance of global PAR by the net –
 Net porosity –
 Incidence angle of the PAR beams degree
P,d Reﬂectance of diffuse PAR by the net –
P,g Reﬂectance of global PAR by the net –
off,d Offset reﬂectance of diffuse PAR –
off,g Offset reﬂectance of global PAR –
P,d Transmittance of diffuse PAR through the net –
P,g Transmittance of global PAR through the net –
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